Following any injury, various intracellular and intercellular pathways must be activated and coordinated if tissue integrity and homeostasis need to be restored. In most injuries, repair results in once-functional tissue becoming a patch of cells and disorganized extracellular matrix that is referred to as a scar. However, most adult organs of the body, including the kidney, have the potential to regenerate functional tissues if appropriate conditions are restored. In this review, we highlight the burst of recent knowledge leading to discovery of regenerative mechanisms also in adult kidneys.
Introduction
Following any injury, various intracellular and intercellular pathways must be activated and coordinated if tissue integrity and homeostasis are to be restored [1] . In most injuries, repair results in once-functional tissue becoming a patch of cells (mainly fibroblasts) and disorganized extracellular matrix (mainly collagen) that is commonly referred to as a scar [1] . However, accumulating evidence suggests that most adult organs of the body, including the kidney, have the potential to reinstate developmental programs and regenerate functional tissues if appropriate conditions are restored [2 ] . Thus, repair and regeneration seem to be competing processes. As closing wounds fast is essential for survival, repair often dominates, but in some conditions the response to injury can completely reinstate the original tissue architecture, through the poorly understood process of regeneration [1, 3] . In most adult tissues, regenerative processes are enabled by the presence of stem/progenitor cells [1, 3] . Stem cells can be defined by three main criteria: ability to self-renew, which is a prerequisite for sustaining the stem cell pool; ability to generate, at the single-cell level, differentiated progeny cells, in general of multiple lineages; and the ability to functionally reconstitute a given tissue in vivo [3] . The typical adult stem cell, present in many tissues, is considered multipotent as it can only give rise to differentiated cell types from the tissue of origin, in contrast with embryonic stem cells, which can give rise to cells from the three somatic germ layers (ectoderm, mesoderm and endoderm), as well as to germ cells, and are thus pluripotent [3] . In this review, we highlight the burst of recent knowledge leading to discovery of regenerative mechanisms also in adult kidneys.
Renal stem cells in adult kidneys
The kidney is regarded as an organ incapable of regeneration, since no new nephrons appear after 36 weeks of gestation in humans as a result of the exhaustion of progenitor mesenchyme [2 ]. This does not rule out the existence of a renal stem cell able to elicit repair through replacement of postnatal renal cell types as opposed to formation of new nephrons [2 ,4] . Indeed, the mammalian kidney shares with the majority of organs the ability to repopulate and at least partially repair structures that have sustained some degree of injury [4, 5] . Tubular integrity can be rescued after acute damage, and even severe glomerular disorders sometimes may undergo regression and remission, suggesting that glomerular injury is also repairable [4, 5] . Attempts to identify adult kidney stem cells were made using different methods, such as ability to extrude Hoechst dye (side population cells), by using markers expressed by other stem cells or developing kidney or by prolonged cell-cycling time (label-retaining cells) [2 ,4,6-8] . Some of these studies suggested the existence of putative interstitial renal stem cells, mostly localized in the renal papilla [4, [6] [7] [8] . However, genetic-labeling studies challenged the notion that the interstitium is a significant intrinsic source of progenitor cells required for the repair process following acute kidney injury and showed that injured nephrons are repopulated by cells arising within the nephron epithelium [2 ,9 ] . In addition, more recent results suggest that label-retaining cells of the papilla represent a population of cells that exit the cell cycle during embryonic development because they differentiate early [10] . Very recently, Oliver et al. [11] demonstrated that, following ischemic injury, label-retaining cells of the papilla migrate in the interstitium and to a lesser extent in collecting ducts, but only occasionally in the cortex, thus further excluding a contribution of these cells to regeneration of glomerular cells or proximal tubular cells. By contrast, a large body of evidence supports the existence of a stem cell compartment within the cortical nephron [2 ]. Indeed, recent results obtained in humans allowed us to identify a subset of renal stem/progenitor cells within the Bowman's capsule of adult human kidney [12, 13] . These renal progenitors were identified through the assessment of the presence of both CD24 and CD133, two surface molecules which have been used to identify different types of human adult tissue stem cells [14, 15] . Once isolated, CD24þCD133þ renal progenitors were found to lack lineage-specific markers and to exhibit self-renewal and multidifferentiation potential [12, 13] . Of note, CD24þCD133þ progenitors are physically located within the Bowman's capsule, the only place in the kidney which appears to be contiguous with both tubular cells and glomerular podocytes [12, 13] . In addition, in embryonic human kidneys, coexpression of CD133 and CD24 characterizes a subset of cells in the metanephric mesenchyme that display self-renewal and multidifferentiation potential and represent common progenitors of tubular cells and podocytes during renal development [16] . CD24þCD133þ progenitors are enriched in the kidneys at 8-9 weeks of gestation, when the developing kidney consists mostly of immature metanephric mesenchyme-derived structures, whereas they substantially decrease by 10-14 weeks of gestation, when terminally differentiated nephrons appear, representing less than 2% of whole renal cells in mature kidneys [16] . Very recently, studies performed in adult mice have further confirmed that parietal epithelial cells of the glomeruli represent a population of resident progenitors with renal regenerative capacity [17 ] . Of note, in-vitro induction of an epithelial-mesenchymal transition induced the regression of adult renal progenitors of the Bowman's capsule to the phenotype of the embryonic renal progenitor [17 ] . Accordingly, following their injection under contralateral kidney capsule of unilaterally nephrectomized mice, these renal progenitors generated novel renal tissue including neo-glomerular and tubular structures at 3 weeks postengraftment [17 ] .
Thus, the discovery of a population of multipotent renal progenitors localized at the urinary pole of the Bowman's capsule suggests their possible involvement in regeneration of adult tubular, as well as of glomerular, cells.
Tubular regeneration
Following acute tubular injury, the kidney undergoes a regenerative response leading in most cases to recovery of renal function [2 ,4] . The cell source for regenerating cells is poorly understood, with the strongest evidence supporting a role for less injured tubular cells, which proliferate, and eventually reline denuded tubules restoring the structural and functional integrity of the kidney [9 ] (Fig. 1) . Indeed, several studies have indicated that the tubular epithelium can be self-renewing after acute kidney injury and that differentiated tubular cells proliferate and migrate to replace the neighboring dead cells [18,19 ,20] (Fig. 1) . The rapid proliferative response of the tubular epithelium to injury stems from the fact that the tubular epithelium is resting in G1 rather than G0 and, as such, is primed to enter the cell cycle if injured [19 ,20] (Fig. 1) . Accordingly, in most adult epithelial tissues, proliferation and migration of epithelial cells ensure replacement of adjacent injured cells, as previously reported for the skin [1, 21] . However, during chronic injury or in cases of extended damage, resident stem cell compartments are also activated and critically participate in regeneration [1, 21] . The discovery of CD24þCD133þ progenitors and their localization at the urinary pole of the Bowman's capsule suggest that these cells might participate in tubular regeneration, progressively migrating and differentiating in proximal tubular cells at the tubuloglomerular junction ( Fig. 1) .
Interestingly several previous studies have demonstrated that the proximal tubule arises at a variety of angles from Bowman's capsule and that at least one part of the tubuloglomerular junction has an area of intermediate appearance, with prominent microvilli on parietal cells in humans, mammals and fish [22, 23] (Fig. 1) . These findings suggest that parietal epithelium may be able to change to tubular tissue and that this might occur particularly as the kidney grows [22, 23] . Accordingly, CD24þCD133þ renal progenitors isolated from adult human kidneys generated novel tubular structures and reduced the morphologic and functional kidney damage once injected in mice affected by acute renal failure, suggesting that these cells can participate in tubular regeneration in adult human kidneys [12, 13] . Thus, renal stem/progenitor cells might contribute to tubular epithelium repair by generating novel tubular-committed progenitors, especially when proliferation of neighboring unwounded tubular cells is exhausted, as may occur during chronic tubular injury (Fig. 1) . Interestingly, injury to the glomerulotubular junction is a common feature of chronic tubulointerstitial disorders, such as obstructive nephropathy, chronic allograft nephropathy or toxic nephropathies, leading to end-stage renal disease, such as that related to exposure to heavy metals [24 ] . In addition, transdifferentiation of parietal epithelial cells of the Bowman's capsule in cells with a proximal tubule phenotype has been largely reported during many types of chronic tubular injury, in association with interstitial fibrosis and tubular atrophy, or during aging [25] [26] [27] [28] [29] . Taken together, these results suggest that injured tubular cells are mostly regenerated through proliferation of neighboring differentiated tubular cells, but that renal progenitors might participate in tubular regeneration during severe or chronic tubular injury. However, further studies are needed to verify this possibility.
Glomerular regeneration
The glomerular tuft comprises three resident cell types: mesangial cells, endothelial cells, and podocytes [30] . Some studies have shown that primary injury to each of these cell types is associated with glomerular disease [30] . However, injury to endothelial and mesangial cells can be repaired by proliferation of adjacent cells [30] . In addition, several lines of evidence suggest that bone marrow-derived stem cells physiologically contribute to mesangial and endothelial cell regeneration [31] [32] [33] [34] . By contrast, podocytes cannot divide, and podocyte depletion is a common determining factor that can result in glomerulosclerosis [35, 36] . Indeed, as long as the podocyte loss is limited, restitution or repair is possible. By contrast, 20-40% podocyte loss results in a scarring response, until, at greater than 60% podocyte loss, glomeruli become globally sclerotic and nonfiltering [35, 36] . Recently, we provided the first evidence that podocytes can be regenerated by the CD24þCD133þ renal progenitors of the Bowman's capsule [37 ] . In addition, we demonstrated that CD24þCD133þ renal progenitors are a heterogeneous and hierarchical population of undifferentiated and more differentiated cells that are arranged in a precise sequence within the Bowman's capsule of adult human kidneys [37 ] (Fig. 2) . A subset of more undifferentiated cells expressing renal progenitor markers in the absence of podocyte markers is localized at the urinary pole of Bowman's capsule and acts as a bipotent progenitor for both tubular cells and podocytes and exhibits self-renewal potential [37 ] (Fig. 2) . A transition population expressing both renal progenitors and podocyte markers is localized between the urinary and the vascular pole of Bowman's capsule and exhibits a committed differentiative potential only toward the podocyte lineage and lacks self-renewal properties (Fig. 2) [37 ] . Finally, differentiated cells that do not express renal progenitor markers, but display high levels of podocyte-specific markers, localize at the vascular pole of Bowman's capsule (Fig. 2) [37 ] . These findings in humans were also confirmed in a parallel study performed in rodents by Appel et al. [38 ] , who also demonstrated that transitional cells with morphologic and immunohistochemical features of both parietal epithelial cells and podocytes could be detected in proximity to the glomerular vascular stalk. More importantly, using an elegant model of genetic tagging of parietal epithelial cells in a triple-transgenic doxycycline-inducible mouse line, the same authors unequivocally demonstrated that podocytes are recruited from parietal epithelial cells, which proliferate and differentiate from the urinary to the vascular stalk generating novel podocytes ( Fig. 2a) [38 ] . This occurs as the kidney grows, during childhood and adolescence [38 ] , and might also occur following an injury which allows a slow, regulated generation of novel podocytes, such as following uninephrectomy. The discovery that renal progenitors of the Bowman's capsule represent a potential source for podocyte generation provides the basis for a novel concept that injured podocytes can be replaced. However, as in other adult organs, a response to injury can shift the balance from regeneration to repair depending upon a complex interaction between the stem cell compartment and the surrounding environment [1, 21, 39] .
Under normal conditions, the response of stem cells to injury is strictly regulated. However, as a consequence of resident stem cell depletion and/or uncontrolled growth, healing problems can manifest in every injured tissue and result in once functional tissue becoming a patch of cells and disorganized extracellular matrix that is referred to as a scar [1, 21, 39] . We suggest that, at least in proteinuric glomerular disorders, glomerulosclerosis might be envisioned like a scar induced by insufficient or exaggerated responses of renal progenitors to podocyte injury. Accordingly, very recent results suggest that hyperplastic lesions that often evolve toward glomerulosclerosis and are frequently observed in patients affected by focal segmental glomerulosclerosis, collapsing glomerulopathy, or crescentic glomerulonephritis are generated by proliferation of renal progenitors [40 ] . These observations in humans were also confirmed by lineage-tracing experiments of either podocytes or parietal epithelial cells in the nephrotoxic nephritis model of inflammatory crescentic glomerulonephritis, as well as in the Thy-1.1 transgenic mouse model of collapsing glomerulopathy [41 ] . Renal progenitors generate cell bridges between Bowman's capsule and the glomerular tuft [41 ] , which may provide a slide for migration, proliferation and differentiation of an adjacent progenitor and a rapid replacement of the lost podocyte (Fig. 2b) . It might thus be hypothesized that, in the chain of events that leads to glomerular disorders, the podocyte is initially injured, whereas renal progenitors from the Bowman's capsule proliferate in an attempt to replace injured podocytes. If the proliferation and differentiation of renal progenitors is tightly regulated, this can lead to glomerular regeneration and to remission of the disorder. However, in the presence of extended podocyte damage or a persistent injury, renal progenitors continuously proliferate over the bridges adhering to the glomerular tuft without leading to lesion repair, but rather generating hyperplastic lesions and undergoing progressive depletion, which initiates glomerulosclerosis. Taken altogether, these results suggest that the outcome of glomerular disorders might depend upon a strictly regulated balance between the degree of podocyte injury and the amount of regeneration provided by renal progenitors.
Conclusion
Parietal epithelial cells of Bowman's capsule were first described by Sir William Bowman in 1842 in his paper 'On the structure and use of the malpighian bodies of the kidney', but since then their functions have remained poorly understood and seemed limited to the flow of the glomerular ultrafiltrate into the proximal tubule [42] . Nonetheless, a large body of evidence has recently shown that the parietal epithelium of the Bowman's capsule represents a reservoir of renal progenitors in adult kidney deputed CD24þCD133þ renal progenitors (red) are localized at the urinary pole and are contiguous with podocytes (green) at the vascular stalk. A transitional cell population (red/green) displays features of either renal progenitors (red) or podocytes (green) and localizes between the urinary pole and the vascular pole. At the vascular stalk of the glomerulus, the transitional cells are localized in contiguity with cells that lack progenitor markers, but exhibit podocyte markers and the phenotypic features of differentiated podocytes (green). (a) Renal progenitors generate novel podocytes by progressively migrating, proliferating and differentiating towards the vascular stalk. This occurs as the kidney grows, during childhood and adolescence, and might also occur following an injury which allows a slow regeneration, such as following uninephrectomy. The direction of differentiation is indicated by the blue arrows. (b) In glomerular disorders characterized by severe or acute podocyte death/detachment renal progenitors generate cell bridges between the Bowman's capsule and the glomerular tuft, which may provide a slide for migration and differentiation of an adjacent progenitor and a rapid replacement of lost podocytes. However, a dysregulated process can also initiate the generation of hyperplastic glomerular lesions. The directions of differentiation and regeneration of lost podocytes is indicated by the blue arrow.
to replacement and regeneration of podocytes, as well as of proximal tubular cells [2 , 12,13,16,17 ,37 ,38 ,43] . This finding provides a new point of view for the understanding of renal physiology and pathophysiology and has important implications for the set up of strategies of stem cell treatment in patients affected by acute and chronic renal failure [43] . In addition, the discovery that renal progenitors of the Bowman's capsule not only regenerate podocytes, but also cause hyperplastic glomerular lesions suggests that glomerular disorders may at least in part result from abnormal or inefficient regenerative responses to podocyte injury.
